of the heme is ligated to the protein through histidine Unlike their mitochondrial counterparts, the c-type and methionine residues. The c-type cytochromes are cytochromes typically isolated from photosynthetic ubiquitous in nearly all living organisms and are innonsulfur purple bacteria display a wide range of oxi-volved in a wide variety of electron transport pathways. dation -reduction potentials. Here we describe the X-Most photosynthetic nonsulfur purple bacteria and ray crystallographic analysis of the cytochrome c 2 iso-some nonphototrophic bacteria contain c-type cytolated from Rhodopila globiformis. This particular c-chromes, referred to as c 2 , which are structurally most type cytochrome was selected for study because of its similar to the mitochondrial cytochromes c but funcanomalously high redox potential of /450 mV. Crystals tionally distinct in their dual role as electron carriers employed in the investigation belonged to the space in both photosynthesis and respiration (1). eukaryotic c-type proteins were absent in the R. rubrum protein. It was thus postulated that the typically higher redox potentials of the bacterial cytochromes c resulted from a more hydrophobic heme-binding pocket The c-type cytochromes have been the subject of in-lacking buried solvents (7). The subsequent structural tense investigation for decades due to their ease of iso-determination of the cytochrome c 2 from Rhodobacter lation and their relatively small size. These predomi-capsulatus (8) and the refinement of the model for the nantly a-helical proteins are characterized by a heme protein isolated from P. denitrificans (9, 10) demonprosthetic group covalently attached to the polypeptide strated that in these proteins the evolutionarily conchain via two thioether linkages. In addition, the iron served waters were, indeed, present and that the R. rubrum structure was an exception to the general rule. In addition to these above-mentioned bacterial cyto-1 This research was supported in part by grants from the NIH chromes, the structures of the proteins isolated from (GM30982 to H.M.H. and GM21277 to T.E.M.).
idis have been recently determined as well (11, 12) . On atom-derivative X-ray data set was placed on the same scale as the the basis of all these bacterial cytochrome c structures native X-ray data set by a ''local'' scaling procedure developed by it can be concluded that buried solvent molecules are Drs. G. Wesenberg, W. Rypniewski, and I. Rayment. not the sole determinants of redox potential. Other
Structure determination and least-squares refinement. The posiqualitative factors thought to control redox potential tions of the heavy-atom-binding sites for the two derivatives were include local dielectric effects arising from the amount determined by inspection of difference Patterson maps calculated with all X-ray data from 30 to 5 Å resolution. In the space group I4 1 , of heme exposed to the solvent, the presence of either the z-coordinate cannot be obtained directly from Harker peaks on hydrophobic or hydrophilic residues near the heme, the the Patterson map but rather must be determined from cross-vectors orientation of the fifth and sixth ligands relative to the between heavy-atom sites. For both the gold and uranium derivaheme plane, and the extent of hydrogen bonding to the tives, only one heavy-atom binding site could be located. Thus, in order to place the two derivatives on a common origin and to deterheme ligands and the heme propionates (13).
mine the relationship between their z-coordinates, another X-ray
Here we describe the crystallization and structural data set was collected from a crystal soaked in a solution containing determination of the bacterial cytochrome c 2 obtained both the gold and uranium compounds. As expected, this heavy-atom from R. globiformis, a bacterium isolated from a warm derivative contained two sites. One site was arbitrarily set at z Å acidic sulfur spring in Yellowstone National Park (14) . 0.000 and the z-coordinate for the second site was determined from appropriate cross-vectors. The positions and occupancies of these This cytochrome c 2 was selected for study because of sites were refined by the origin-removed Patterson-function correlaits anomalously high redox potential (/450 mV). In tion method and are listed in Table II ( 19, 20) . Anomalous difference addition, its amino acid sequence suggests that it may Fourier maps calculated from 30 to 5 Å resolution were employed be structurally more similar to several mitochondrial for determining the correct hand of the heavy-atom constellation. cytochromes c than to any known bacterial cytochrome Protein phases were calculated with the program HEAVY (20) and relevant phase calculation statistics can be found in Table III. (15). X-ray coordinates have been deposited in the The initial electron density map calculated to 3.0 Å resolution was Brookhaven Protein Data Bank or may be obtained of sufficient quality to locate the two molecules in the asymmetric immediately via HOLDEN@ENZYME.WISC.EDU.
unit. To further improve the quality of the electron density, one cycle of molecular averaging and solvent flattening to 2.2 Å resolution was conducted according to the algorithm of Bricogne (21) . From this
EXPERIMENTAL PROCEDURES
''averaged'' map it was possible to construct a complete model of the cytochrome using the program, FRODO (22), and the amino acid Crystallization and search for heavy-atom derivatives. The prosequence as determined by Ambler et al. (15) . The ''averaged'' model tein employed in this investigation was purified according to pubcoordinates were placed back into the unit cell and subjected to alterlished procedures (15) . Crystals were grown routinely by the hanging nate cycles of least-squares refinement with the software package, drop method of vapor diffusion. For such crystallization experiments, TNT (23) , and manual model building to 2.2 Å resolution. Relevant 5 ml of a protein solution at 15 mg/ml was mixed with 5 ml of a refinement statistics can be found in Table IV . precipitant solution containing 2.4 M ammonium sulfate, 3% 2-methyl-2,4-pentanediol, 50 mM 2-(N-morpholino)ethanesulfonic acid, and 5 mM sodium azide (pH 6.0). These droplets were suspended
RESULTS AND DISCUSSION
over the same precipitant solution and allowed to equilibrate at room temperature and atmospheric pressure. Diamond-shaped crystals a Rfactor Å (͚ É I 0 I V É /͚ I) 1 100. (15) . The electron density in both Mol I and Mol II given in Fig. 2 . The only significant outlier is Lys 31 in both Mol I and Mol II. The electron density for this suggests that this residue might be a threonine or valine. However, the N-terminal sequence analysis was region of the map is unambiguous as can be seen in Fig. 3 . Rather than extending into the solvent, the side repeated through position 21, verifying all the original assignments in this region including Leu 21. chain of Lys 31 folds back such that its e-amino group lies within hydrogen-bonding distance to the carbonyl A Ramachandran plot of the nonglycinyl residues is 
, where FN is the native structure factor amplitude and FH is the heavy-atom-derivative structure factor amplitude. Temperature factors were not refined. x, y, and z are the fractional atomic coordinates. a Phasing power is the ratio of the root-mean-square heavy-atom-scattering factor amplitude to the root-mean-square lack of closure error.
oxygens of Ile 20 and His 23. The a-carbons for Mol I immediately after this ''cysteine'' loop. Helices C and and Mol II superimpose with a root-mean-square devia-D, connected by only one residue, His 74, lie nearly at tion of 0.33 Å . For the sake of simplicity, the following right angles to one another. The sixth Type II turn in discussion will refer only to Mol I unless otherwise indi-the R. globiformis cytochrome terminates helix D. Hecated.
lix E, which contains 12 amino acid residues, is the longest secondary structural element. Overall tertiary structure. A ribbon representation of the R. globiformis cytochrome c 2 is shown in Fig. 4 .
Heme-binding pocket. A close-up view of the hemeThe heme iron is ligated to the protein via His 23 and binding pocket is shown in Fig. 5a . As typically obMet 84. A list of the secondary structural elements, served in other c-type cytochromes, the bond distance based upon visual inspection of the model, is given in between S d of Met 84 and Fe /2 in the R. globiformis (25, 26) , yeast (27) , and horse tively. Most likely the interaction between the hydroxyl heart (28). The hydrogen-bonding patterns displayed group of the conserved tyrosine and the sulfur of the by these two solvents in the R. globiformis cytochrome methionine heme ligand has a limited role in the modu-c 2 are shown in Fig. 6 . The water molecule located on lation of redox potentials. the left-hand side of conserved waters serve to stabilize a-helical regions. Comparison with the c-type cytochrome from tuna. isolated from R. globiformis and Rb. capsulatus superimpose with a root-mean-square deviation of 0.90 Å for The R. globiformis cytochrome c 2 was selected for study because of the anomalously high oxidation -reduction 72 structurally equivalent positions according to the algorithm of Rossmann and Argos (29) . On the other potential of /450 mV. Overall, its three-dimensional structure is more similar to various eukaryotic c-type hand, superposition of the a-carbons for the R. globiformis protein and the tuna cytochrome results in a cytochromes than to its bacterial counterparts. For example, the a-carbon positions for the cytochromes c 2 root-mean-square deviation of 0.72 Å for 81 structur- ally equivalent positions. In addition, the amino acid the R. globiformis protein there are three while in the tuna cytochrome there are five waters. sequence identity between these structurally equivalent positions in the tuna and R. globiformis proteins Redox potential. The above analysis demonstrates is 44%.
that the presence of internal water molecules and the A close-up view of the heme binding pocket for the amino acid residues participating in hydrogen bonds reduced form of the tuna cytochrome c is given in Fig. to the heme propionates are fairly well conserved ele5b. Of the 12 water molecules conserved between the ments in the bacterial cytochromes c 2 and the mito-2 R. globiformis molecules in the asymmetric unit, 3 chondrial cytochromes c. Thus, it is highly unlikely that are also structurally conserved within 1 Å in the tuna these factors play a significant role in establishing the cytochrome c. As shown in Fig. 5b , 2 of these waters high redox potential exhibited by the R. globiformis are located in the heme-binding site and display the cytochrome c 2 . On the other hand, it has been sugsame hydrogen-bonding pattern as observed in the R. gested that hydrophobic residues surrounding the globiformis protein. A list of the hydrogen bond lengths for these solvents in the tuna and R. globiformis cytochromes is given in Table VI . The third conserved wa- heme and the thickness of this shell can be important extra hydrophobic residues in the R. globiformis cytochrome c 2 , three are within contact distance of the factors in establishing redox potentials in cytochromes (30) . Accordingly, because the formal charge on the heme. None of these three residues alone would have much effect on the redox potential, such as in those heme group in the oxidized and reduced states is /1 and 0, respectively, a more hydrophobic environment cytochromes having Val 32, but taken together, they are probably responsible for the higher than average will stabilize the reduced state.
The R. globiformis cytochrome c 2 has a higher per-redox potential in the R. globiformis cytochrome c2. It should be mentioned that not all of the substitutions centage of hydrophobic residues than do other cytochromes c 2 and this in part may help to explain its near the heme are consistent with a more hydrophobic environment and a higher redox potential. For examhigher redox potential. The average cytochrome c 2 has 25 mol% hydrophobic residues (L, I, V, M, W, Y, and ple, Gly 85 immediately follows the sixth heme ligand methionine in the R. globiformis cytochrome c 2 , but is F) with a standard deviation of 2.8%. In comparison, the R. globiformis molecule has 33 mol% hydrophobic an isoleucine in the horse cytochrome c.
The close proximity to the heme group of three extra residues or an excess of approximately 5 amino acid residues. Positions Ile 18, Ile 20, Ile 26, Ile 46, Ile 57, hydrophobic residues in the R. globiformis cytochrome c 2 is an attractive working hypothesis to explain the Val 67, and Phe 69 are not typically occupied by hydrophobic residues in other species of cytochromes, al-high redox potential, but must now be tested by sitedirected mutagenesis experiments. Other cytochromes though positions Leu 21 and Val 32 are occasionally occupied with hydrophobic moieties. The positions of may employ different mechanisms or a combination of mechanisms for adjusting redox potentials. The substithese residues are indicated in Fig. 8 . There are only two hydrophobic positions in other species which are tution of isoleucine for a tryptophan which hydrogen bonds the rear heme propionate (Trp 63 in the R. globisubstituted in the R. globiformis protein. Some of these nonconserved hydrophobic residues in the R. globi-formis protein) may be responsible for the large difference in redox potential of the Rhodospirillum molischiformis cytochrome c 2 are fairly close to the heme, in particular Ile 18, Leu 21, and Val 32. Ile 18 is typically anum isocytochromes c 2 (3) . A substitution of a glutamine or an asparagine for the arginine that hydrogen a lysine residue, as in the horse cytochrome c, Leu 21 is usually an alanine or a threonine (or glutamine in bonds the propionate (Arg 42 in the R. globiformis cytochrome c 2 ) may also have a large effect in the Rhodomithe horse cytochrome c), and Val 32 is as often a threonine as it is a valine. Ile 20 is somewhat more distant crobium vannielii and the R. rubrum cytochromes c 2 .
Replacement of the phenylalanine in the N-terminal from the heme group, but is usually a lysine residue (or an alanine in the horse protein). Therefore, of the helix (Phe 15 in the R. globiformis cytochrome c 2 ) for
